Recent advances from astronomical surveys have revealed spatial, chemical, and kinematical inhomogeneities in the inner region of the stellar halo of the Milky Way Galaxy. 1-8 In particular, large spectroscopic surveys, combined with Gaia 9 astrometric data, have provided powerful tools for analyzing the detailed abundances and accurate kinematics for individual stars. Despite these noteworthy efforts, however, spectroscopic samples are typically limited by the numbers of stars considered; their analysis and interpretation are also hampered by the complex selection functions that are often employed. Consequently, piecewise information on individual components (often from multiple surveys with differing selection functions) must be stitched together in order to reconstruct the multi-dimensional structure of the Milky Way's stellar populations. Here we present a powerful alternative approach -a synoptic view of the spatial, chemical, and kinematical distributions of stars in the Milky Way based on large photometric survey databases, enabled by a well-calibrated technique for obtaining individual stellar metal abundances from broad-band photometry. 10 We combine metallicities with accurate proper motions from the Gaia mission along the Prime Meridian of the Galaxy, and find that various stellar components are clearly separated from each other in the metallicity versus rotation-velocity space. The observed metallicity distribution of the inner-halo stars deviates from the traditional single-peaked distribution, and exhibits complex substructures comprising varying contributions from individual stellar populations, sometimes with striking double peaks at low metallicities. The substructures revealed from our unbiased, comprehensive maps demonstrate the clear advantages of this approach, which can be built upon by future mixedband and broad-band photometric surveys, and used as a blueprint for identifying the stars of greatest interest for upcoming spectroscopic studies.
local stellar halo is dominated by two spatially overlapping populations of stars, known as the inner-halo (IH) and outer-halo (OH) components, respectively. 1 In addition, accurate parallaxes and three-dimensional motions derived from the Gaia mission indicated that a large fraction of the local halo stars belong to a proposed progenitor dwarf galaxy (called Gaia-Enceladus; GE or Gaia-Sausage) from a single massive accretion event in the past of the formation history of the Milky Way. 4, 5 Furthermore, a large number of metal-rich ([Fe/H] > -1) stars with halo kinematics (referred to as the Splashed Disk; SD) 3, 8 and a group of metal-poor stars with disk kinematics (referred to as the Metal-Weak Thick Disk; MWTD) 7 have been discovered, adding complexity to the traditional three-component (thin disk, thick disk; TD, and halo) model of Galactic stellar populations. 13 However, confirmation of each component as distinct entities, and exploration of their inter-relationships, are challenging because these studies are based to a large extent on spectroscopic data, which inherit often-complex target selection functions. In contrast, multi-filter photometric imaging data are far less affected by sampling biases, and, when properly calibrated to stars of known metallicities, can be used to obtain an unbiased view of the nature of stellar populations over a large volume of the Galaxy, providing significantly larger samples for detailed analysis and future spectroscopic exploration.
The SDSS Legacy imaging survey currently provides the most uniform, wide, and deep photometric data over a large range of wavelengths in five broad-band filters (ugriz). We collected photometric data from the 14th Data Release (DR14) of SDSS IV. 12 Since the SDSS u-band data are not sufficiently deep to make full use of photometry in griz, we have supplemented these data with deep u-band photometry from the South Galactic Cap of the u-band Sky Survey (SCUSS). 14 The SDSS images cover both the Northern and Southern Galactic Hemispheres, while the combined SCUSS/SDSS catalog only covers the Southern Galactic Hemisphere. We restricted our sample to the Galactic Prime Meridian (a ±30° strip centered at Galactic longitudes l = 0° and l = 180°; see Supplementary Fig. 1 ), where rotational velocities (vj) of individual stars in the Galactocentric cylindrical coordinate system can be obtained with proper motion data alone, without requiring spectroscopic radial-velocity measurements. 15 For each set of photometric catalogs, we estimated distance, metallicity, and mass for individual sources using a set of empirically calibrated stellar isochrones. 10, 16 Photometric metallicities are as precise as 0.3 dex for bright stars, with additional systematic errors of the same order, but relative metallicity estimates are more robustly predicted (see Methods). Fig. 1 shows the distribution of our sample in [Fe/H] versus vj, as a function of distance from the Galactic plane (Z). Near the Galactic plane, small negative and positive correlations exist between [Fe/H] and vj, each of which represents previously known relations for the thin-and thick-disk stars, respectively. 17 At |Z| > 3 kpc, a clear separation between the traditional disk and halo populations is seen, all of which verify our photometric approach as a distance and metallicity estimator. We note that, in all distance bins, most stars in our sample are found in prograde rotation, in the same sense as the Sun's motion around the Galactic center.
However, as shown in Fig. 2 , the normalized chemo-dynamical distribution of stars appears dramatically different. Each group of stars with similar vj are taken together to normalize a metallicity distribution, from which detailed substructures emerge in low number-density regions of this parameter space. The most striking substructure is a clump of stars centered at [Fe/H] ≈ -1.4 and vj ≈ -50 km s −1 , which we assign to GE. The GE component was originally recognized as a major retrograde structure, but was considered to include stars in more extreme retrograde orbits. However, our metallicity map indicates that GE is clearly separated from an extended distribution of stars with large retrograde motions (<vj> ≈ -200 km s −1 ) at very low metallicities (<[Fe/H]> ≈ -2.2), which we assign to the OH component. 1 Near GE, there is a low signalto-noise clump at [Fe/H] ≈ -1.2 and vj ≈ -150 km s −1 . The large retrograde motions of the stars in this clump indicate its potential connection to several previously suggested retrograde structures, possibly related to the Sequoia Event, 18, 19 but it is not clear whether they are more closely related to the OH component. At |Z| > 4 kpc, where the contribution from numerous disk stars is minimal, a number of features that can be matched to those identified in previous studies -IH, MWTD, and the SD -are readily visible on the map. Among them, a clump in prograde motion centered at [Fe/H] ≈ -1.6 and vj ≈ 50 km s −1 shows a more extended metallicity distribution than GE; we assigned this to the superposition of the IH and OH components (see below). The same result is obtained from the combined SCUSS/SDSS catalog, although the signal is lower due to the smaller number of stars in the sample (see Supplementary Fig. 4 ).
The vertical structure of the metallicity distribution is shown in Fig. 3 , in four different slices of vj to isolate each of the major components. In the most retrograde bin, the halo is dominated by metal-poor OH stars at larger distances above the Galactic plane. More metal-rich GE debris occupies the volume near the Sun at |Z| < 3 kpc, among those with retrograde motions. For stars with mild retrograde motions, there appears a bottleneck in the metallicity distribution at |Z| ≈ 4 kpc, probably marking a transition zone from the flattened GE debris to more spatially extended structures -a combination of the IH and OH components. At |Z| > 4 kpc, a smooth transition occurs from low-metallicity (<[Fe/H]> ≈ -2.2) stars at vj < -100 km s −1 to a more extended metallicity distribution (-2.2 < [Fe/H] < -1.4) with prograde motion. The majority of these stars constitute either the IH or OH components.
In Figs. 2 and 3, halo stars are under-represented near the Galactic plane, since they are simply swamped by the significantly more numerous disk stars. A more quantitative evaluation of each component's contribution is given in Fig. 4 , which displays the metallicity distribution for stars in slices of vj and |Z|. At |Z| > 3 kpc, stars with retrograde rotation exhibit a metallicity distribution with characteristic double peaks at [Fe/H] ≈ -2.2 and ≈ -1.4, reflecting approximately equal contributions from the OH component and a mixture of the GE and IH stars. The duality of the halo was originally inferred from a gradual shift in the metallicity distribution as a function of rotational velocity and vertical distance. 1 Although double peaks in the metallicity distribution of metal-poor halo stars were hinted in recent spectroscopic analysis, 20,21 the discrete peaks and their systematic variations in Fig. 4 are a direct proof of the presence of multiple stellar populations in the halo. Photometric errors and unresolved binaries are unlikely to bias metallicity estimates, since stars in the same volume, but with prograde rotation, do not exhibit multiple peaks in their metallicity distributions. Metallicity distributions from photometric estimates with SCUSS photometry, or those with Gaia priors on distance, also support the discrete nature of the individual stellar populations (see Supplementary Figs. 5 and 7).
In general, a normal distribution is not adequate to describe the observed metallicity distribution in [Fe/H], because even the simplest stellar population in a closed-box system is expected to show a low-metallicity tail. 11 The tail may even appear more pronounced due to larger photometric errors at low metallicity. 10 Nevertheless, it is useful to decompose the observed distribution using a set of normal distributions to evaluate the varying (approximate) contributions of the individual components. 13 In Fig. 4 , shaded curves are the best-fit set of normal distributions in each distance and velocity bin. We employed four different components in the fit, which are the minimum number required to capture the observed distributions in all panels. We kept the same color scheme for each component to track its slowly varying contribution and centroid, but each fitted component does not necessarily match each of the above-mentioned stellar populations. At 100 < vj (km s −1 ) < 200, the MWTD emerges, with significantly weaker fractions of the halo components, which are fit by two normal distributions. Similarly, the SD population is not readily distinguishable from the classical TD population because of their similar metallicities. If one follows its fitted distribution, it can be seen that they extend far above the Galactic plane and to retrograde motions, properties that are consistent with those obtained from previous spectroscopic work. 8 GE and the IH component, although they are shown as separate entities in Figs. 2 and 3, are also fit using the same colored normal distribution due to their mild metallicity difference. According to this exercise, about two thirds of metal-poor stars at 1 < |Z| < 2 kpc belong to GE, if one restricts the sample to vj < 100 km s −1 , but the fraction decreases to about 40% at 2 < |Z| < 3 kpc. At large vertical distances (4 < |Z| (kpc) < 6), the ratio of the IH and OH components is near unity, in agreement with our previous work based on a more restricted sample. 10 Our chemo-rotational mapping helps to visually identify and delineate the extension of each of the stellar components to an unprecedented level of completeness. Earlier studies on the duality of the smooth halo 1, 22 may have included a large fraction of the GE (unknown at that time) stars in their IH sample, because of their similar metallicities and rotational velocities, leading to a systematically higher mean metallicity and a smaller net rotational velocity. If the IH and GE are separate entities, as our map supports, the actual spatial distribution of IH stars may be less centrally concentrated, and less oblate than previously envisaged. Spectroscopic studies also indicated that metal-poor halo stars on low-eccentricity orbits exhibit high aelement abundances with respect to iron, 2,6,23 while stars in GE on strongly radial orbits show lower aelement abundances. 5 This suggests a more active star-forming environment for stars associated with the IH component, possibly having formed in massive gas clumps in the central region of the proto-Galaxy, and subsequently displaced to their current higher-energy orbits by scattering processes. 24, 25 The chemical enrichment of the IH component (which should now be referred to specifically as an 'in situ halo', in contrast to the accreted components) may have influenced the formation of the metal-weak and/or the classical thick disks. On the other hand, the low metallicity of the OH component, along with its low aelement abundances, 26 indicates that it may have originated from accretion of low-mass dwarf galaxies, which have been merged into the proto-Galaxy in accordance with theoretical predictions of galaxy formation. 27, 28 Ongoing and future photometric surveys (such as S-PLUS 29 , J-PLUS 30 , Pan-STARRS 31 , SkyMapper 32 , and LSST 33 ) and more accurate astrometric catalogs are promising assets to explore a larger and finer parameter space of stellar populations in the Galactic halo. Note that the MWTD is clearly an independent structure from the TD, as suggested by several recent spectroscopic analyses. 7 An approximate location of the thin disk, which is not visible in this distance bin, is shown by a white dotted ellipse.
Fig. 3 | Normalized metallicity distribution as a function of vertical distance from the Galactic plane.
The number of stars in each pixel, weighted by photometric metallicity errors, is normalized with respect to the total number of stars in each distance bin, and displayed in a logarithmic number ratio in four different velocity bins. Only pixels with more than 30 stars in each vφ bin are displayed. The range of the rotational velocity is chosen to isolate the individual stellar components from 4 < |Z| (kpc) < 6 in 
Methods

Photometry and astrometric data
We make use of broad-band photometry in the ugriz passbands from the 14th Data Release (DR14) of the SDSS IV. This version of photometry is based on the photometric calibration called a "hyper-calibration" procedure 34 , which uses Pan-STARRS1 photometry in griz 35 to minimize global zero-point offsets throughout the survey area. The original SDSS data acquisition was performed in a drift-scan or time-delayand-integrate (TDI) mode, which took multi-band images simultaneously with the same effective exposure time of 54.1 sec. As a result, the signal-to-noise ratio is lower in the u passband, which has a lower quantum efficiency than in the griz passbands. In some cases, we complemented griz photometry from SDSS with deep u-band photometry from the Southern Galactic Cap u-band Sky Survey (SCUSS), which is at least one magnitude deeper than the SDSS u images. The filter response function of the SCUSS u has a narrower edge in the long wavelength side (~3800 Å) than the SDSS u, which introduces small corrections in the magnitude conversion. 14 Using accurate photometry (s < 0.02 mag) of point sources in the high Galactic latitude (|b| > 60˚) that are provided in both catalogs, we derived a transformation equation between the two systems: uSDSS = uSCUSS + 0.0085 -0.0435 ´ (uSCUSS -gSDSS) + 0.0549 ´ (uSCUSS -gSDSS) 2 -0.0163 ´ (uSCUSS -gSDSS) 3 , where the subscript indicates each of the photometric systems. Supplementary Fig. 1 shows survey regions in the Galactic coordinate system. We excluded photometric measurements along the narrow strips centered at l = 30˚ and l = 330˚, where systematically higher metallicities than in surrounding areas are introduced by a small systematic error in the SDSS imaging strips.
We chose a 1 arcsec search radius to cross-match photometric sources with those in the DR2 catalog of the Gaia mission. 9 We imposed an upper limit on the proper motion errors σµ/µ < 0.3 on each direction in celestial coordinates. We corrected parallaxes for the global parallax zero-point offset (0.029 mas) as suggested by the Gaia team. 36
Determination of stellar parameters
We estimated a set of distances, metallicities, and masses (or effective temperature) for each star by searching for the best-fitting model to the ugriz data. These models were originally built from the Yale Rotating Evolutionary Code (YREC) 37 and semi-empirical color-Teff relations, 38 but showed deviations from the observed colors of main-sequence stars in a number of well-studied star clusters. 39 The differences are of the order of a few hundredths of magnitude, which vary systematically as a function of effective temperature. To remove the systematic trends with Teff, we derived color-Teff corrections to the models to match the observed main sequences of well-studied star clusters over −2.4 < [Fe/H] < +0.4. 10, 16, 40 We adopted foreground extinction along each line of sight from a dust emission map. 41 The SCUSS u data were transformed first before applying the extinction corrections. We limited our analysis to stars with small foreground reddening, E(B -V) < 0.1, at high Galactic latitude, |b| > 20˚, to avoid potentially large systematic errors in the extinction measurements and/or in the extinction coefficients. 42 We also restricted our sample to those stars having 4.5 < Mr < 7.5 mag and u < 20 mag (or u < 21 in SCUSS), along with σ[Fe/H] < 1.5 dex (note that the typical error in photometric metallicity estimates for our stars is considerably lower, on the order of 0.3 dex for bright stars, and that the effect of stars with large photometric metallicity errors is mitigated by our adopted weighting scheme, which goes as 1/σ[Fe/H] 2 ) and c 2 < 5 from all five passbands, where c 2 is a total chi-square value from the best-fitting model. Supplementary Fig. 2 shows a comparison of photometric metallicities with spectroscopic estimates from the medium-resolution spectra in SDSS, which have been analyzed using the SEGUE Stellar Parameter Pipeline (SSPP). 43 Overall the agreement is satisfactory, although there are systematic departures seen in the metal-rich and the metal-poor sides from the full photometric solutions (a). The offset amounts to ≈ 0.3 dex at [Fe/H] = −2, in the sense that photometric metallicities are lower, and to ≈ 0.2 dex for metal-rich stars ([Fe/H] > −1). The same systematic departures are seen in the case of photometric metallicities with Gaia priors on distance (b), and in the case of using SCUSS u-band photometry (c). However, we did not correct photometric metallicities to match the SSPP scale, since the latter is also subject to calibration using high-resolution spectroscopic analysis. Reassuringly, the comparison with high-resolution data for metalrich dwarfs from the GALAH survey 44 exhibits no noticeable systematic differences for metal-rich stars (d). Since the SSPP sample does not uniformly cover the entire stellar parameter space, the systematic differences may reflect problems in stellar models at certain surface temperatures or gravities of stars. Supplementary Fig. 3 shows a comparison between the photometric and Gaia distances. The latter values have been corrected for the zero-point offset in Gaia. 36 Overall, the agreement is satisfactory, and distance estimates from the full photometric solutions are within 2% of the Gaia parallaxes over a wide range of metallicities for nearby stars (p > 1 mas).
Test of stellar parameter estimates
Rotational velocities
An accurate measurement of rotational velocities in the Galactocentric cylindrical coordinate system requires a full three-dimensional motion of a star, which is calculated from a heliocentric radial velocity and a proper motion measurement. However, most of the stars included in this work lack radial-velocity measurements. Therefore, we computed rotational velocities based on distances and proper motions of individual stars along the Prime Meridian in the Galaxy, which is perpendicular to the direction of motion in the Galactic disk (see Supplementary Fig. 1 ). We adopted 8.34 kpc for the distance to the Galactic center, 45 the Sun's velocity with respect to the Local Standard at Rest (LSR), (U, V, W) = (11.1, 12.24, 7.25) km s −1 , and the circular velocity of the LSR being 238 km s -1 in the Galactocentric rest frame. 46 We corrected the rotational velocity derived from proper motions, vj,ppm , for an inclination effect, using vj = vj,ppm sec z, where z is the angle measured from the Galactic Prime Meridian and vj is the projected rotational velocity. We note that, within ±30 degrees of the Galactic Prime Meridian, the difference between our inferred rotation velocity and the actual rotation velocity is, at most, about 1.5% at ±10 degrees from the Meridian, and about 15% at ±30 degrees from the Meridian.
Effects of using SDSS u-band data and Gaia priors
SCUSS provides more precise u-band measurements than SDSS, and therefore can be used to obtain more precise metallicity estimates from photometry. Supplementary Fig. 4 is the same version of a normalized metallicity distribution of stars at 4 < |Z| (kpc) < 6 as in Fig. 2 . Despite higher accuracy in photometry, SCUSS covers a significantly smaller region along the Galactic prime meridian. As a result, the signal-tonoise ratio in the SCUSS map is lower. Nevertheless, the major Galactic components -GE, the IH component (in combination with the OH component), the canonical TD, and the MWTD -can be identified from Supplementary Fig. 4 , although the outer-halo component is significantly weaker. The metallicity distributions of stars in retrograde motions from SCUSS clearly support two metal-poor components (see Supplementary Fig. 5 ).
For nearby stars, we combined the adopted photometry with an individual star's parallax from the Gaia mission (σπ/π < 0.2) for improved precision in the derived metallicity. This approach provides at least a factor of two improved precision in the metallicity estimation (see Supplementary Fig. 2 ). However, good parallaxes from Gaia are limited to nearby stars, and a cross-match with our photometric samples results in a maximum vertical distance of |Z| ≈ 3 kpc for its application. Supplementary Fig. 6 shows a normalized metallicity distribution of stars based on Gaia priors on individual stellar distances. Because the volume is limited by numerous disk stars, most of the halo substructures, except GE, are not visible in this plot. Disk stars show a '>'-shaped distribution, which reflects negative and positive metallicity-velocity correlations found among thin-disk and TD stars, respectively. 8, 17 Nevertheless, the observed metallicity distributions with Gaia parallaxes show a characteristic kink at [Fe/H] ≈ −2, indicating a trace contribution of the OH component near the Galactic plane (see Supplementary Fig. 7 ).
Effects of contaminants
Our photometric metallicity estimates assume that all stars are main-sequence dwarfs. However, the separation between dwarfs and giants is non-trivial from conventional broad-band photometry alone. Unrecognized giants appear to be more metal rich, and therefore distant giants in the survey data can bias metallicity distributions in local volumes. Fortunately, the fraction of distant giants in a given local volume is only on the order of 10 percent, 10, 47 although it is a strong function of stellar color ranges or the sample selection scheme. The effects are mostly pronounced for a nearby volume at |Z| < 2 kpc, due to the large number of distant giants in the halo, but the contamination rate is less than 5% at large distances (|Z| > 3 kpc), if one assumes a significantly reduced number of stars beyond ~30 kpc from the Galactic center. 48 Unresolved binaries are another potential source of contamination in the photometric metallicity mapping. The fraction and the exact form of the mass function for secondary stars are not well-known for field halo stars, which are important factors in determining the degree of bias. If the binary fraction and the mass distribution function are similar to those in the Solar Neighborhood 49 or in globular clusters 50 , most of binaries in our halo sample cannot be distinguished from single-epoch images in SDSS or SCUSS. They appear more metal poor than single stars by a few tenths of dex 10 , and appear closer due to the combined light from two sources. The resulting effect is a blurring of the sample distribution in the distance versus metallicity plane, although the metallicity bias should be negligible for low mass-ratio binaries. Nevertheless, our previous analysis from artificial star tests showed that the overall metallicity bias is dominated by typical photometric errors, not by the fraction of binaries in the sample. 10 Supplementary Fig. 2 | Comparison between photometric and spectroscopic metallicity estimates. a, Comparison between photometric and spectroscopic metallicities from the medium-resolution spectra in SDSS for main-sequence dwarfs. Photometric metallicities are based on the SDSS ugriz data. The gray scale shows a logarithmic number density of stars. b, Same as in (a), but based on photometric metallicity estimates with Gaia priors. c, Same as in (a), but based on SCUSS u-band photometry in the metallicity estimation. d, Comparison between photometric and spectroscopic metallicities from high-resolution spectra in the GALAH survey. Only dwarfs are included in the GALAH comparison, for which the selection is limited for the metallicity comparison to [Fe/H] ≥ -1.
Supplementary Fig. 3 | Comparison between photometric distances and Gaia parallaxes.
Comparisons are shown as a function of parallax (a) and photometric metallicity with Gaia priors (b). In (b), only stars with large parallaxes (p > 1 mas, i.e., more nearby) are included in the comparison. The gray scale shows the logarithmic number density of stars, and the contours indicate 1, 10, and 50 percentiles. The points with error bars indicate moving averages and standard deviations. The sample includes all stars in the SDSS Legacy Survey region with sp/p < 0.20.
Supplementary Fig. 5 | Metallicity distributions from SCUSS u-band data.
Based on the same data as in Fig. 4 , but the distributions are derived from distance and metallicity estimates using the SCUSS u-band photometry. The observed distribution is well-fit by four different normal distributions, each representing one or more of the major components of the Galaxy: the OH (yellow shaded), the IH and/or GE (blue shaded), the TD, MWTD, and/or the SD (green shaded), and the thin disk and/or TD (red shaded). The gray histogram is the sum of all of the data; the red solid line represents the sum of the fit components. The vertical dashed lines (at [Fe/H] = -0.6, -1.4, and -2.2) are overlaid to guide the eye. Supplementary Fig. 6 | Normalized metallicity distribution with Gaia priors. The same as in Fig. 2 , but based on metallicity estimates using Gaia priors on distance. Only pixels with more than 50 stars in each vφ bin are displayed. The horizontal dashed line indicates zero rotation in the Galactocentric rest frame. The sample (N=875,570) includes stars with good trigonometric parallaxes (σπ/π < 0.2).
